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206a Monday, February 4, 2013changing external conditions. It also makes it possible to identify optimal solu-
tions to the adaptation problem, which can be experimentally validated. Under
optimal conditions the intrinsically non-linear dynamics of these networks be-
comes simple and linear with respect to the components of the proteome, while
the complex dynamics of the concentrations of the signal molecules requires
non-linear mathematics: that what is controlled obeys very simple dynamics
while the control systems remain non-linear and complex. This allows for sim-
ple, analytical solutions to previously intractable dynamic problems. We are
therefore optimistic that the present work, focused on the fitness value of bac-
terial populations, will contribute to quantitative integration of bacterial phys-
iology and population genetics.
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High-fidelity initiator transfer RNA (tRNA) and messenger RNA (mRNA)
start codon selection during translation initiation is essential for ensuring the
integrity of gene expression; mis-initiation using an elongator tRNA or a
sense codon can lead to proteins containing aberrant N-termini or to errors
in reading frame selection that yield truncated and/or mis-folded proteins. In
bacteria, three essential initiation factors (IFs) bind to the small, 30S,
ribosomal subunit and control the accuracy of translation initiation by re-
gulating tRNA and codon selection into the 30S initiation complex (30S IC)
and joining of the large, 50S, ribosomal subunit to the 30S IC to form an
elongation-competent 70S initiation complex (70S IC). Although the IFs
render the rate of 50S subunit joining to the 30S IC dependent on the presence
of a correctly selected initiator tRNA that is basepaired to a start codon within
the 30S IC, the mechanism through which the IFs accomplish this remains
elusive. Using fluorescently labeled IFs, tRNAs, and ribosomal subunits, we
have recently developed several single-molecule fluorescence resonance
energy transfer signals that report on the conformational dynamics of the
30S IC and on the dynamics of 50S subunit joining to the 30S IC. Here we
will present the results of our latest studies, which, when integrated with
the available biochemical data, strongly suggest that tRNA- and codon-
dependent conformational dynamics of the IFs play a critical role in regulating
the 50S subunit joining step of translation initiation.
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Protein synthesis in all cells is performed by ribosomes, large protein-RNA
complexes. Ribosomes undergo substantial conformational changes during
their activity cycle and engage in interactions with numerous additional factors.
In order to provide a mechanistic understanding of the underlying processes we
aim at providing structural information on these complexes at highest possible
resolution. We combine in vitro reconstitution and biochemical methods with
cryo-electron microscopy and single particle analysis for structure determina-
tion. Furthermore complementary methods such as small angle X-ray scattering
(SAXS), X-ray crystallography or Molecular Dynamics based simulations can
be employed that often allow interpretations at the molecular level. Here we
present snapshots of the ribosomal machinery engaged in several cotransla-
tional events such as cotranslational protein folding, membrane translocation
or insertion via the Sec complex.
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The synthesis of proteins is a major step in gene expression and therefore rep-
resents a regulatory point for modulating cellular output. During elongation,
ribosomes are thought to pause along the mRNA transcript upon colliding
with various obstacles or translating specific sequence motifs. In addition, ribo-
somes halt if they arrive at the 3’ end of a transcript after failing to properly
terminate or if the message is endonucleolytically cleaved. Genetic studies
have suggested that the protein Dom34 and a GTPase binding partner, Hbs1,
target mRNAs associated with paused ribosomes for degradation (Doma and
Parker 2006, Nature 440:461-4). While biochemical data support this idea by
showing that Dom34 directly binds and dissociates ribosomes (Shoemaker et
al. 2010, Science 330:369-72), the natural cellular targets of Dom34 remain un-
known. To identify functions of Dom34 in vivo, knockout and wild type strains
of S. cerevisiae were subjected to a high-throughput footprinting analysis (ribo-some profiling) that reveals the places where ribosomes are bound throughout
the transcriptome. These data reveal that ribosome occupancy on known pauses
is not generally enhanced in the strain lacking Dom34. Instead, the targets of
Dom34 include a small number of specialized targets in open reading frames.
In addition, ribosomes are enriched at the 3’ end of many transcripts in the
Dom34 deletion strain and generally covere <10 bp of polyadenine at the 3’
end of the protected fragment. These data imply that Dom34 dissociates ribo-
somes that bypass the stop codon and thus serves as a quality control factor re-
quired for recycling ribosomes that fail to terminate by the conventional
pathway (mediated by eRF1, eRF3, and Rli1). These results support a general
role for Dom34 in ribosome recycling in addition to a more specialized role on
particular gene products.
Symposium: Frontiers in Electron Miscroscopy
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Cryoelectron microscopy makes possible structural studies of molecules
or cells under close-to-life conditions. There are three major imaging
modalities: electron crystallography, single particle analysis and electron
tomography. Electron crystallography requires the molecules under scrutiny
to form two-dimensional crystals, single particle analysis can deal with
individual macromolecules or molecular assemblies, while electron tomog-
raphy allows studying molecular structures in situ, i.e. in their functional
cellular environment. The 26 S proteasome, a complex of 2.5 MDa, will be
used to exemplify the potential of single particle analysis. EM density maps
at subnanometer resolution of this complex in different nucleotide-bound
states are interpreted beyond their nominal resolution by the integration of
orthogonal dates. Several examples will be used to demonstrate the power
of electron tomography for in situ structural studies of very large and labile
supramolecular assemblies.
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Sometimes all that is really needed to distinguish between competing models is
a few really good pictures. Electron cryotomography has increasingly met that
need by delivering unprecedented 3-D images of intact cells in a near-native
(frozen-hydrated) state to ‘‘macromolecular’’ resolution. I will present two
case studies. In the first, cryotomograms of dividing Sulfolobus acidocaldarius
cells revealed a thin layer of material at the leading edge of ingressing mem-
branes whose structure and development point uniquely to an ‘‘hourglass’’
model for how the ESCRTmachinery drives membrane scission. In the second,
cryotomograms of Vibrio cholerae cells revealed extended cytoplasmic tubes in
two different conformational states. Identification of the tubes as Type VI
Secretion Systems led immediately to a ‘‘spring-loaded dagger’’ model for their
ability to deposit toxins into neighboring cells.
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The processes of membrane fission and fusion both involve an intermediate
state called hemi-fission or hemi-fusion, respectively. This intermediate is fun-
damental and controls the outcome of both processes. During hemi-fusion/
fission, the outer leaflet of a budding vesicle is still connected to the plasma
membrane, while the inner leaflet has gone through separation/fission. It is par-
ticularly critical for fast-paced endocytosis in neural synapses. At the budding
neck, this intermediate assumes the form of a tubular micelle. We investigate
the interactions of neural synaptic proteins alpha-synuclein and endophilin
with lipid vesicles and their ability of membrane remodeling in vitro by
cryo-EM, and found that both proteins are capable of inducing the formation
of tubular micelles.
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disease, has been suggested to have an interaction with biological membranes
that is crucial in synaptic endocytosis. Alpha-synuclein changes the conforma-
tion to alpha-helix upon binding to membranes, however, little is known
about the molecular mechanisms of this interaction. We studied vesicle tubula-
tion by alpha-synuclein, presumably induced by its amphipathic helix wedging
membranes, thereby altering their curvature. We investigated its structural
profile and found that alpha-synuclein transforms vesicles into tubular micelles
and further into lipid particles, concomitantly with the synuclein conforma-
tional change.
Endophilin is a member of the BAR superfamily. The current view is that it rec-
ognizes a nascent endocytic vesicle protruding from the synapse by its crescent
shape. Its binding then alters themembrane curvature, leading to neck formation
and the recruitment of dynamin to this site. On exposing vesicles to endo-
philin, we observed the formation of tubes varying in diameter from 70 A˚ to
400 A˚, with the thinnest tubes to be a protein-coated tubular micelle. The degree
of the squeezing depends on the local density of endophilin on the membrane.
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Membrane proteins play crucial roles in many cellular processes such as
signaling, nutrient uptake and cell adhesion. Although the lipid bilayer influ-
ences many aspects of membrane protein function, our understanding of
lipid-protein interactions is limited. Aquaporin-0 (AQP0) is a water channel
in the lens membrane, but it also assembles into orthogonal arrays that
form membrane junctions between lens fiber cells. In vitro reconstitution of
AQP0 with the lipid dimyristoyl phosphatidylcholine (DMPC) yielded large
and well ordered double-layered two-dimensional (2D) crystals that allowed
electron crystallographic structure determination of AQP0 and its surrounding
DMPC bilayer at 1.9A˚ resolution. Since AQP0 forms high-quality 2D crystals
not only with DMPC but also with various other lipids, AQP0 2D crystals are an
ideal model system to investigate lipid-protein interactions. By studying AQP0
2D crystals formed with different lipids, we can begin to address very basic
questions in membrane biology, such as the driving forces that define lipid-
protein interactions, the effects of hydrophobic mismatch, and the molecular
basis of raft formation.Platform: Proton and Ligand-gated Ion Channels
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The voltage gated proton channel Hv1 has a remarkable architecture. It con-
tains only a voltage sensing domain (VSD, homologous to VSDs of classic tet-
rameric voltage gated cation channels like Shaker), but lacks a traditional pore
domain. Recent studies identified key residues that determine selectivity and
located crucial parts of the pore in the VSD. Hv1 is gated by voltage and
also by the transmembrane pH gradient. While the fourth transmembrane seg-
ment (S4) has been shown to undergo a voltage-dependent motion, suggesting
a role in voltage sensing, as in classical VSDs, the protein motions associated
with pH sensing are not understood. Here, we use the technique of Patch Clamp
Fluorometry to investigate conformational changes of ciona Hv1 in response to
changes of internal pH.We labeled the channel at an external site of S4 with the
environmentally sensitive fluorophore 2-((5(6)-Tetramethyl-rhodamine)car-
boxylamino)ethyl Methanethiosulfonate (MTS-TAMRA) and compared the
fluorescence signal at different internal pHs and voltages in real-time. Chang-
ing internal pH can induce a conformational change visible at S4 in the resting
state, without opening of the channel. This indicates that pH gradient sensing
does not require a current flux through the channel’s pore.
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The voltage-gated proton channel Hv1 is known to play important roles in pro-
ton extrusion, pH homeostasis, and production of reactive oxygen species in
a variety of cell types. It has been recently implicated in cancer development
and neuronal death during ischemic stroke. The channel is a dimer made of
two voltage sensing domains (VSDs) each containing a gated proton perme-ation pathway. We have identified guanidine derivatives that inhibit the Hv1
VSDs with a mechanism similar to pore block by quaternary ammonium com-
pounds in sodium and potassium channels. Each VSD in the dimer has its own
binding site facing the inner side of the membrane and accessible only in the
open state. As long as the inhibitor is bound, the gate in the VSD cannot close.
In addition, inhibitor unbinding from one VSD is controlled by the neighboring
VSD via tight allosteric coupling between gates. Here we measure the inhibi-
tion of different Hv1 mutants produced by structurally related compounds and
use a thermodynamic cycle analysis approach to identify molecular character-
istics of the channel and guanidine derivatives which are important for tight
binding. Understanding how compounds like guanidine derivatives interact
with the Hv1 VSD and block proton conduction is an important step toward
the development of pharmacological treatments for diseases caused by Hv1 hy-
peractivity. This work is supported by NIH (grant GM098973) and by the
American Heart Association (grant 09BGIA2160044).
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Voltage-gated proton (Hv) channels have two subunits. Each subunit has a per-
meation pathway, but opening of the two pathways is highly cooperative. How-
ever, Hv channels lack a classic pore domain. Therefore, it is unclear how Hv
channels open their permeation pathways. Using Voltage Clamp Fluorometry
(VCF), we detect two fluorescence changes for a fluorophore attached close
to the voltage sensor S4 in Hv channels, implying two conformational changes
of S4. The first fluorescence change is highly voltage dependent and precedes
channel opening, consistent with reporting on independent S4 charge move-
ments in the two subunits in an Hv dimer. The second fluorescence change is
less voltage dependent and closely correlates with channel opening and closing.
Prevention of dimerization or mutations at the inter-subunit interface alters
both the second fluorescence change and channel opening. Our results suggest
that, following an initial S4 charge movement in the two subunits, channel
opening in Hv channels is due to a second conformational change of S4 involv-
ing interactions between the two Hv subunits.
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Activation of the intrinsic aqueous water-wire proton conductance (GAQ) in
Hv1 channels is controlled by changes in membrane potential and the trans-
membrane pH gradient (DpH). The mechanism by which changes inDpH affect
the apparent voltage dependence of GAQ activation is not well understood.
Recent work from our laboratory demonstrates that Hþ current activation
is rate-limited by a voltage-independent but DpH-sensitive transition when
pHO % pHI. In contrast, the Cole-Moore activation delay in Hv1 is relatively
insensitive to changes in DpH, indicating that early steps in voltage sensor
(VS) activation are distinct from later channel-opening transitions. In order
to measure initial Hv1 voltage sensor activation in greater detail, we mutated
a conserved Arg residue in the fourth helical segment (S4) to His and measured
Hþ currents under whole-cell voltage clamp in transfected HEK cells. Consis-
tent with a previous results in the Shaker Kþ channel mutant R362H (Starace
and Bezanilla, 2004), we find that Hv1 R205H mediates a robust resting-state
Hþ ‘shuttle’ conductance (GSH) at negative membrane potentials. The midpoint
of the GSH-V relation is >100 more negative than GAQ-V and GSH gating
kinetics are significantly faster than GAQ. Intriguingly, changes in DpH that
are sufficient to produce a ~þ40 mV GAQ-V shift cause GSH-V to shift only
~þ10 mV. GSH gating thus reports a conformational change in Hv1 that occurs
prior to the opening of GAQ and is differentially sensitive to changes in DpH.
The data are consistent with the hypothesis that initial gating charge movement
occurs early in the Hv1 activation pathway and is thermodynamically separable
from aqueous Hþ channel opening.
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General anesthesia, a routine and indispensable tool in modern surgery still
remains a poorly understood phenomenon. Recent studies suggest that general
anesthetics (GAs) mediate many of their anesthetic actions by binding to intra-
or inter-subunit transmembrane domain (TMD) cavities of pentameric ligand
